Abstract: Self-incompatibility (SI) is a genetic mechanism in angiosperms that prevents selfing. The SI system in passion fruit (Passiflora edulis Sims) was investigated using hand pollinations. Pollen tube growth was inspected by microscopy, and sequence analysis of potential regulators of this process was carried out. The results revealed that the pollen tubes grew slowly and were often completely arrested in the stigma in an incompatible combination. Under these circumstances the pollen tube was rapidly and significantly rearranged, followed by the rapid deposition of callose in the stigma during the SI response. The structural changes in the pollen grain after an incompatible pollination were investigated using scanning electron microscopy. Furthermore, ultrastructural observations during incompatible interactions showed that the membrane system of the pollen tube was damaged, and fertilisation was not observed or was considerably delayed when compared to compatible interactions. The analysis presented here provides evidence that the passion fruit genome presents similar sequences to those encoding factors involved in SI in different species. These results suggest that, in the SI system of passion fruit, the rejection of an incompatible pollen grain is characterised by drastic structural changes in both pollen and pollen tube.
Introduction
Reproduction is a fundamental stage in the life cycle of all organisms, and reproduction control is the object of considerable scientific interest (Barret 2013) . The importance of reproduction in angiosperms is a driver of the extensive research to determine the fundamental basis of this highly complex mechanism. One of the most important stages in the reproductive process of flowering plants is pollination.
SI is a genetic mechanism for the recognition and rejection of self-pollen or self-pollen tubes (Tsuchimatsu & Shimizu 2013) . It is one of the most important reproduction mechanisms used by angiosperms to promote outcrossing. In plant breeding procedures, SI stands as an obstacle to breeding pure lines, because it prevents self-pollination, and crosses between genotypes having the same S-allele are also impeded (Chen et al. 2012 ). An important point is that young buds can accept mature self-pollen. Discriminating self-pollen (genetically related) from cross-pollen (genetically unrelated) depends on the developmental stage the stigma is at; immature stigmas are self-compatible and merely become self-incompatible one day before papilla maturation (Madureira et al. 2012; Nasrallah & Nasrallah 1993) . However the fruit set is lower (Bruckner et al. 1995) . Moreover its use by breeders is still reduced because of time consuming and the requirement of trained hand labor.
Based on the level of control of the incompatibility phenotype, SI systems were classified into two types: heteromorphic and homomorphic (de Nettancourt 1997) . The species that exhibit heteromorphic SI produce morphologically distinct flowers composed of styles of different lengths and different anther positions; although cross-pollination can occur, this morphology is a physical barrier to self-pollination of the flower (Yasui et al. 2012) . Plants with homomorphic SI generally does not present physical barrier to prevent self-pollination, but the incompatible pollen tube ceases to grow before fertilising the ovule. This type of SI is quite common among angiosperms and in many cases is genetically controlled by a single multiallelic locus, the S-locus (Takayama et al. 2000) . Estimates say that more than half of the angiosperms species exhibit homomorphic SI, which is divided into two sub-Self-incompatibility in passion fruit 575 groups: gametophytic and sporophytic (de Nettancourt 1997) . In the gametophytic system, the SI phenotype is determined by the S pollen genotype, whereas the S genotype of the mother plant of the pollen grain is the determining factor in the sporophytic system (Brennan & Hiscock 2010) .
Due to its considerable economic importance in tropical agricultural systems, sour passion fruit is used as a model species to study the SI mechanisms in Passifloraceae (Bruckner et al. 1995; Ręgo et al. 2000; Suassuna et al. 2003) . The molecular basis of SI in passion fruit is unknown, but the plant displays a homomorphic sporophytic SI (SSI) system (Bruckner et al. 1995) , which is also observed in other families as Brassicaceae, Asteraceae, Sterculiaceae and Convolvulaceae. Subsequent studies have suggested that SI in passion fruit is governed by both sporophytic and gametophytic control (Suassuna et al. 2003) .
The molecular characterization of the SSI reaction has indicated that there are three types of determinants of this mechanism on the S-locus. These determinants include the S-receptor kinase gene (SRK), which regulates the SI response in the stigma (Takasaki et al. 2000) , and SCR/SP11 (S cysteine-rich protein), which designates the S identity of the pollen (Schopfer et al. 1999; Takayama et al. 2000) . A third gene, S-locus glycoprotein (SLG), increases the efficiency of the SI response (Takasaki et al. 2000) and, similarly to SRK, SLG is expressed exclusively in the stigma.
In plant breeding procedures, SI is an obstacle to obtain inbred lines, due to the difficulty to obtain selfed progenies and hybrid plants of two varieties that have the same S-allele. Despite the details known regarding some specific cases, such as Brassica, there is still a wide gap between the theoretical knowledge and the practical application of SI in plant breeding programs. In particular, very little is known about the cellular and genetic mechanisms by which female organs recognise specific pollen genotypes in passion fruit. Passion fruit is one of the promising alternatives of horticulture in Brazil. As far as allogamous plants are concerned, one of the most appropriate techniques is the production of hybrids from pure lines, which afford to exploit hybrid vigor. However, due to the presence of SI on the passion fruit, this method is complex, since the mechanism of SI is characterized by rejecting self-pollen. Due to this fact, the present study represents an effort to identify and understand the cellular and molecular processes that lead to the recognition and rejection of selfincompatible pollen in sour passion fruit.
Material and methods

Plant materials
The passion fruit plants used in the present study were obtained from the progeny derived from crosses between a population of commercial cultivars composed of the varieties Maguary and Yellow Máster FB-200 (Silva et al. 2009 
Hand pollinations
Pollen was transferred to stigma by hand pollination so as to promote either compatible or incompatible interactions. In all hand pollination treatments, the flowers were first emasculated and then enclosed in cotton bags. Opened flowers were hand pollinated by brushing a dehiscent anther on the stigma. If the ovary was swollen and still attached to the plant 48 h after pollination, an indication that the ovule was fertilized, the cross was considered successful and compatible (genetically unrelated); pollination with pollen genetically related was considered self-incompatible.
Light microscopy
The compatible and incompatible pollinated pistils used for the anatomical analysis were fixed for 2 h in 2.5% glutaraldehyde and 4% formaldehyde prepared in 0.05 M cacodylate buffer at pH 7.2. The samples were then rinsed 3 times with buffer and post-fixed for 2 h at room temperature with 1% osmium tetroxide in 0.05 M cacodylate buffer at pH 7.2. The post-fixed samples were dehydrated in an ascending series of acetone solutions, with 1 h for each step. The material was infiltrated and embedded in epoxy resin (Poly/Bed 812 , Polysciences Inc., Warrington, Pennsylvania, USA), and microtome sections (1 µm) were prepared and stained with toluidine blue (0.1% aqueous solution). The slides were sealed with Entellan (Merck, Darmstadt, Germany) and examined using an Olympus BX 60 optical microscope. The images were captured using the Image Pro-Plus software.
Scanning electron microscopy For scanning electron microscopy, the pollen grains were fixed as described above. The fixed material was dehydrated through an ascending series of cold acetone, critical-point dried, mounted on aluminium stubs and coated with gold particles. The material was examined using a Zeiss-DSEM 962 electronic scanning microscope at 25 kV. Thirty pollen grains from compatible and incompatible samples were analysed.
Hystochemical study
Callose deposition was investigated according to the aniline blue fluorescence method. After different time intervals, the pollinated flowers were fixed in FAA (5 mL formalin, 5 mL glacial acetic acid and 90 mL ethanol 70%). These samples were dehydrated in serially higher alcohol solutions, for 1 h each step. The material was infiltrated and embedded in the resin solution (Leica Historesin, Wetzlar, Germany). Microtome sections (4 µm) were cut and stained with clarified blue aniline (0.01%, diluted with 0.1 M potassium acetate solution). The slides were analysed by fluorescence microscopy (UV filter) using an Olympus BX 60 microscope using a DAPI filter (4', 6-diamidino-2-phenylindole). Ultraviolet absorption was at 358 nm, and emission occurs at 461 nm. The images were captured using the Image Pro-Plus software.
Transmission electron microscopy Samples were cut into ultrathin transverse sections (70 nm) with a diamond knife after the infiltration and inclusion steps (described above). The ultrathin sections were collected on copper grids (300 mesh), and the samples were stained with 5% uranyl acetate for 20 min and with 5% lead citrate for 5 min at room temperature. The sections were observed at 80 kV using a ZEISS TEM 900 transmission electron microscope. Isolation of genomic DNA The plant genomic DNA from passion fruit and Brassica oleracea leaves was isolated using plant DNAzol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's recommendations. The extracted DNA samples were stored at -20
Cloning and sequence analysis Degenerated primers FW1 (5' TTY YTN TGG CAR WSN TTY GA 3'), REV1 (5' CCR TTC CAN GGN CC 3') were designed based on the conserved SLG amino acid sequences of species that exhibit SSI. The primers were used in PCR to generate amplification products representing genomic SLGlike sequence.
A 10 ng aliquot of passion fruit or Brassica oleracea DNA was used as the template in a reaction mixture containing 2.0 µL 10X Taq buffer, 2.5 mM MgCl2, 0.2 mM dNTP mix, 0.3 µM each primer, 0.2 µL Taq polymerase (5 unit/µL, Fermentas, USA) and bidistilled H2O to 20 µL. The program used for the PCR was an initial denaturation step at 95
• C for 5 min, followed by 40 cycles at 95
• C for 45 s, 47
• C for 45 s and 72
• C for 1.5 min, and a final extension at 72
• C for 5 min. The amplification of the fragment (225 bp) were analysed on 1.5% agarose gel. The products were cloned using the TA Cloning kit (Invitrogen, Carlsbad, CA, USA), transformed into TOP10 chemically competent cells (Tiangen Biotech Co., Ltd., Beijing, China) and screened using colony PCR. Positive cells were selected, cloned, and sequenced. The sequencing analysis was performed using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, UK) and an ABI 3130 sequencer (Applied Biosystems). The BLAST database was searched for homologous sequences, which were used to construct a multiple sequence alignment with Clustal X. The Simple Modular Architecture software (Schultz et al. 1998 , http://smart.embl-heidelberg.de/) was used to predict the structural domains.
Specific primers, FW2 (5' ATG GGG ATG GAA CCT GAC G 3') and REV2 (5' TCG ACT CGT CAG GTT TC 3'), were designed from the fragment obtained using the degenerate primers. To obtain the partial sequence of the S-gene determining the SSI, we employed the Flanking Sequence Tags (FSTs) technique described by Balzergue et al. (2001) . This method is based on the digestion of genomic DNA with restriction enzymes, the ligation of adapters (AdPG 5' GAT TCG GTC TGG GTA TGT TAG GTT GTC GTT AGG TTG GTC T 3'; AdPP 5'AGA CCA ACC TA 3') and the asymmetric PCR amplification using primers that anneal to the region of interest and the adapters (PRIAP1 5' GAT TCG GTC TGG GTA TGT TAG G 3'; PRIAP2 5' TGT TAG GTT GTC GTT AGG TTG G 3'). The 564 bp fragment was cloned and sequenced the using the procedures described above.
Phylogenetic analysis
The deduced amino acid sequences of the 225 bp (GenBank accession number JX500264) and 564 bp (GenBank accession number JX500265) DNA sequences were obtained using the translate tool. Predictions for the structural domains were evaluated using SMART (Schultz et al. 1998 ). The sequence homologs were recovered using BLASTP in the UniProt database with a cut-off E-value of 1 e−15 . The optimal substitution models for the phylogenetic analysis were selected using the software ProtTest (Darriba et al. 2011) . The phylogenetic relationships for a set of 19 se- quences of SLG and SRK (Table 1) were analysed using the maximum likelihood method implemented in the PhyML (Guindon et al. 2010) . The parameters used were the model of substitution WAG with the invariant site (I) and the gamma-distributed site, 100 bootstraps and four substitution rate categories. The phylogenetic trees were visualised using MEGA5 (Tamura et al. 2011) . Sequence alignment was assessed using ClustalX (Thompson et al. 1994 ) with default parameters.
Results
Structure of the pollen-stigma interface in compatible and incompatible pollinations The structure of the pollen-stigma interface was analysed by optical microscopy 1 h after compatible and incompatible hand-pollinations. The responses of the pollen-stigma were different. Concerning the compatible pollen-stigma interactions, the pollen tubes grew toward the ovary inside the stigma projections, expanding their apexes intercellularly (Fig. 1A) . In general, the incompatible pollen on the pistil was inhibited during the SI response, and the site of arrest was the stigma surface (Fig. 1 B) . It was also observed that the pollen tube is rapidly and significantly rearranged as a response to incompatibility, prompting a process of protoplasm disorder (Fig. 1C ) and resulting in a round shape, which is contrary to the cylindrical growth observed into compatible tubes (Fig. 1A) .
Callose detection in incompatible sites
One of the rejection reactions in the SSI system includes the irregular deposition of callose in the walls of the incompatible pollen grains and pollen tubes.
No callose was detected 2 h after compatible mating ( Fig. 2A) . Typically, callose deposition manifests as green area in the incompatible pollen tube 1 h after pollination (Fig. 2B) . Callose on the site of exclusion of the pollen tubes after incompatible mating became evident (Fig. 2B, C, D) . The incompatible pollen tube inhibition varied with development stage (Fig. 2B, C) . Callose depositions in the cell wall in the incompatible pollen tubes that experienced protoplast disturbances were observable (Fig. 2D ).
Comparative analysis of pollen grain morphology before and after compatible and incompatible interactions Passion fruit pollen grains exhibited spherical shape, long colpus and heteroreticulate exine 1 h after compatible mating. The reticulum presented high, sinuous walls, with great lumens showing bacules (Fig. 3A) . Nevertheless, the pollen grains after 1 h of selfpollination (incompatible mating) presented changes in shape. The structural analysis of the passion fruit pollen grain indicated strong alterations in the exine, characterised by the formation of protuberances within the ornamentation of the pollen grain wall (Fig. 3B ). All pollen grains from the incompatible mating presented this change in shape, at least in some regions; however, the frequency of protuberances was variable.
Ultrastructural analysis of compatible and incompatible interactions
No obvious ultrastructural changes were observed in the stigma after contact with pollen during compatible interactions by transmission electron microscopy. Cells of the stigma remained turgid, and cytoplasms were well organised presenting undamaged organelles ,among them it is possible to observe the presence of mitochondria and Golgi complex (Fig. 4A) . On the compatible pollen tube, it is evident the presence of vesicles derived from the Golgi complex which are associated with the process of pollen tube growth (Fig. 4A) . Conversely, the incompatible interaction triggered a severe response, resulting in the disorganisation of cellular membranes around and within the pollen tubes. Another ultrastructural feature observed was with regard to the distance between the pollen tube and stigma, likely due to callose deposition in the tube cell walls and stigma (Fig. 4B) . During incompatible interactions, pollen tubes ex- hibited enlarged vacuoles, which may be involved in the cell death (Fig. 4B) . Furthermore, autophagic vesicles and amyloplasts with starch grains, which later will probably be degraded, were also visible. The stigma cells that came into direct contact with the incompatible pollen grains became less turgid, and their cytoplasm became disorganised (Fig. 4B) , features that were not observed in the compatible interaction (Fig. 4B) . Another peculiarity noticed during incompatible interactions was that the organelles showed degraded in the apical region of the pollen tube.
Identification of sequences similar to S-genes using the polymerase chain reaction To investigate the genetic basis of SI in passion fruit, degenerate primers were designed from conserved sequences of gene SLG. Using the primers for SLG, a 225 bp band (Fig. 5A) was obtained, and this fragment was cloned and sequenced (Fig. 5B) . As positive control, a genomic DNA sample from Brassica oleracea, a model for SSI studies, was also used in PCR. The same primer pair was used, and a product of very similar size was observed (Fig. 5A ). Furthermore, a conserved sequence of amino acids -WQSFDXPTDT- (Fig. 5B ) was found at the beginning of the 225 bp fragment that is reported to be characteristic for S-domain kinases (Walker 1994) . Based on the 225 bp fragment, it was possible to design specific primers for passion fruit and use these in the FST technique, obtaining a larger fragment of approximately 564 bp, which was also sequenced (Fig. 6) . The analysis in NCBI database, the alignment of the deduced amino acid sequences, showed a high level of similarity to the sequences found in this study, with the SLG and SRK proteins involved in SSI of several species (Fig. 5B, 6 ): B9I025, Populus trichocarpa; D7RJY4, Olea europaea; Q40100, Ipomoea trifida; A8QZI2, Brassica oleracea; A4UWL4 Brassica napus; Q9SBK7, Brassica insularis,; and Q8LP57, Crambe kralikii) (Table 1) . Several conserved regions were found, and the physico-chemical characteristics of the proteins were very similar for the different species possessing the same SI system. The phylogenetic analysis (Fig. 7) indicated that the protein sequence inferred from the 564 bp sequence from passion fruit is more closely related to the SRK protein of Populus trichocarpa. Furthermore, the 564 bp fragment, obtained in the present study, has significant sequence similarity with SRK and SLG of Olea europaea and with the SLG protein of Ipomoea trifida (Table 1) , which may suggest that they are homologous with each other. The sequences formed a clade that was well supported by the high bootstrap value (99%).
Discussion
SI response involves a network of signalling and interactions between the pollen and pistil. This study identified the cellular processes leading to the recognition and rejection of the self-incompatible pollen in passion fruit. In addition, this research showed that the genome of passion fruit contains similar sequences to genes determinants SI processes.
Our observations indicate that the site of response incompatibility is the stigma surface. Incompatible pollen tubes exhibit rapid cytological response. The rapid inhibition of incompatible pollen tube growth is shared by most species that present homomorphic SSI (Nasrallah & Nasrallah 1993) . In a study on Brassica oleracea, Dickinson (1995) found similar results, and observed that SI ceases the growth of self-pollen grains within minutes after the arrival of pollen at the stigmatic surface, whereas compatible pollen grains are hydrated and increase in cell volume.
The compatible tube grew normally, without any disturbance; however, the incompatibility reaction reduced growth of the pollen tube. This character is accompanied by disorganization of the protoplasm of the structure that is observed in different protoplasm positions. These features were also observed in Senecio squalidus, for which the inhibition of incompatible pollen at the stigma surface was visualised; the incompatible pollen grains also show reduced pollen tube growth after germination (Hiscock et al. 2002) . Geitmann et al. (2000) reported a correlation between alterations in the cytoskeleton of pollen tubes with SI; the researchers also evaluated the effect of SI proteins on the actin cytoskeleton in Papaver rhoeas pollen tubes, and observed a correlation between the alterations in the cytoskeleton of pollen tubes and the SI reaction. Staiger & Franklin-Tong (2003) described similar observations and concluded that the incompatibility reaction induces the depolymerisation of actin filaments. Studies have shown that SI triggers a very rapid apparent depolymerisation of microtubules (Poulter et al. 2008) . The results in passion fruit strongly suggest an alteration of the pollen Fig. 7 . Phylogenetic tree by maximum likelihood for the S-protein family and homologous plant sequences. The amino acidic sequences SLG and SRK were analysed, and a tree was generated using Maximum-Likelihood methods, through PhyML 3.0 software. The number adjacent to each node indicates the percentage of 100 bootstrap replicates that support it. The accession numbers of the individual plant sequences shown are as follows: P. edulis -564 bp fragment; Q940W6 -Raphanus sativus; Q6L8R3 -Raphanus sativus; A4UWL4 -Brassica napus; Q6SVA2 -Brassica campestris; P07761 -Brassica oleracea; Q84KV1 -Brassica oleracea; A8QZG7 -Brassica campestris; Q84V84 -Brassica oleracea; B9I025 -Populus trichocarpa; D7RJY6 -Olea europaea; Q40100 -Ipomoea trifida; D7RJY4 -Olea europaea; Q9SBK7 -Brassica insularis; A5A5D8 -Capsella grandiflora; C0L982 -Brassica cretica; A8QZI2 -Brassica oleracea; and Q01963 -Brassica napus.
tube cytoskeleton as a target of the SI response pathway.
The phenotype of rejection also included the deposition of callose within incompatible pollen tubes, indicating that the production of this compound can be associated with the expression of genes involved with SI. However, the inhibition stage of incompatible pollen tubes seemed variable, although no incompatible pollen tubes has been able to overcome the stigma region. Similar features were also observed by Hiscock et al. (2002) in Senecio, where the inhibition of incompatible pollen tubes was usually accompanied by a swelling of the tube tip and the deposition of callose within the tip and in the adjacent stigma cells. These results are in agreement with Geitmann et al. (1995) , who reported that the main characteristics of incompatible Brugmansia suaveolens pollen tubes are reduced pollen tube growth, a roundish cytoplasm, and callose deposition in an irregular configuration, resulting in a thickening of the internal wall of the pollen tube. The strong correlation of callose response with the presence of incompatible pollen indicates that this compound may have a specific role in the SI response, playing an active role in pollen inhibition (Safavian & Shore, 2010) .
Another important factor observed in this study was that the pollen grain surface takes different aspects after compatible and incompatible pollinations. Furthermore, ultrastructural analysis revealed disorganized organelles in stigma cells in contact with incompatible pollen. A similar result was reported by Klein et al. (2009) when studying incompatible interactions in Psychotria nuda. The authors observed ultrastructural differences between compatible and incompatible pollen tubes, even in the early stages of pollen tube differentiation after pollination. Studies have suggested that programmed cell death can be triggered in incompatible pollen tubes (Serrano et al. 2012) . Indeed, the fragmentation of nuclear DNA, which is detected a few hours after the induction of SI (Reap et al. 2008) , is considered one of the last events in response to this process.
In order to investigate the genetic basis of SI in passion fruit, degenerate primers were designed. As a result, a 225 bp band was obtained. Studies have shown that degenerate primers based on conserved domains have successfully been used to amplify SLG-like and SRK-like sequences from Ipomoea trifida and Senecio squalidus, respectively (Kowyama et al. 1996; Hiscock et al. 2003) .
In a following step, primers specific for passion fruit were designed, and the result was a 564 bp fragment. These results suggest the presence of conserved regions, and similar physico-chemical characteristics when the sequence obtained in passion fruit is compared with those from different species exhibiting SI. Although a previous study suggested that the mechanism of pas-sion fruit SI is controlled by both systems sporophytic and gametophytic (Suassuna et al. 2003) , the alignment analysis of this study showed only similarities with proteins involved with SSI.
Another factor observed was that, the passion fruit sequence has an S-domain, identified in two different protein determinants of SSI, SRK and SLG (Okamoto et al. 2007) , suggesting that the passion fruit protein belongs to the S-domain family. These data can be explained by the fact that the receptor domain of the SRK protein is highly similar to SLG (Fujimoto et al. 2006 ).
The results presented suggest similar sequences to the S-genes in passion fruit, although the presence of SLG-like sequences does not prove that they are involved in the SI in this species. It is known that further investigation is necessary to determine the involvement of this sequence in response of SI in Passiflora. However there is some evidence that the sequences found can be a candidate which may be involved with the SI system of the species studied. One indicative is the presence of an amino acid sequence (WQSFDXPTDT) highly conserved in the fragment of 225 bp, which is present in the S-domain kinases from various species that have SSI.
